Hybrid poly(lactic acid)/titania (PLA/TiO 2 ) fibrous membranes exhibiting excellent air filtration performance and good antibacterial activity were prepared via the electrospinning technique. By varying the composition of the precursor solutions and the relative humidity, the morphologies of PLA/TiO 2 fibers, including the nanopores and nanometer-scale protrusions on the surface of the fibers, could be regulated. The distribution of nanopores and TiO 2 nanoparticles on the surface of PLA/TiO 2 fibers was investigated. Nitrogen adsorption-desorption analysis revealed that nanopores and nanometer-scale protrusions play an important role in improving the specific surface area and nanopore volume of the relevant PLA/TiO 2 fibrous membrane. Filtration performance tests conducted by measuring the penetration of sodium chloride aerosol particles with a 260 nm mass median diameter indicated that fibers with a high surface roughness, large specific surface area, and large nanopore volume greatly improved the particle capture efficiency and facilitated the penetration of airflow. Furthermore, the introduction of TiO 2 nanoparticles endows the relevant fibrous membrane with antibacterial properties. The as-prepared PLA/TiO 2 fibrous membrane loaded with 1.75 wt% TiO 2 nanoparticles formed at a relative humidity of 45% exhibited a high filtration efficiency (99.996%) and a relatively low pressure drop (128.7 Pa), as well as a high antibacterial activity of 99.5%.
Introduction
Particulate matter pollution has drawn increasing attention because it may cause serious health problems, such as respiratory diseases, cardiovascular illness, and allergies [1] [2] [3] . Suspended particles with diameters smaller than 2.5 m were considered particularly harmful because they can penetrate human bronchi, lungs, and even extrapulmonary organs [2, [4] [5] [6] . Thus, filter media that can effectively capture these harmful fine particles are greatly desired. Fibrous membranes are attractive for particle filtration because they are cost-effective and energy-saving [7] . However, conventional fibers, including glass fibers, melt-blown fibers, and spunbonded fibers, which have been widely used in different air filtration applications, possess a relatively low filtration efficiency with respect to fine particles due to the materials' microsized fiber diameter and large pore size [8, 9] . It is well known that filtration efficiency is greatly enhanced as the fiber diameter decreases [10] . Nanofibers with fiber diameters on the nanoscale are highly capable of capturing ultrafine particles due to their remarkable specific surface area [11] . Electrospinning is an efficient and versatile technique for preparing uniform nanofibers in a continuous process [12] [13] [14] . Electrospun nanofibrous membranes exhibit fascinating features, including large specific surface area, high porosity, small pore size, and good interconnected pore structure, which is conducive to the capture of fine particles [15] [16] [17] . Exploiting these characteristics, many types of electrospun fibrous membranes have been fabricated as air filtration media. The most common of these are the 2 Journal of Nanomaterials homogeneous and single-structured nanofibers, including ultrafine Nylon 6 fibers, polyethylene oxide nanofibers, and alumina nanofibers, which have a circular cross section and a relatively smooth surface [18] [19] [20] . These nanofibrous membranes possess high filtration efficiency for fine particles, but they typically have an excessive pressure drop.
It is well known that the collection of fine particles is primarily based on the following mechanisms: Brown diffusion, interception, and inertial impaction [1, 21, 22] . The fiber diameter and morphology of nanofibers, especially the microstructure of its surface, significantly affect the mechanism between the fiber and particles and the penetration of airflow through the fibrous media. Thus, hierarchical structured nanofibers with a high surface roughness have attracted considerable attention to endow the resultant filter media with a high filtration efficiency and a relatively low pressure drop [16, [23] [24] [25] [26] . However, few efforts have been focused on the development of an environmentally friendly poly(lactic acid) (PLA) fibrous filter medium with high surface roughness.
In addition to particulate matter, bacteria can also affect human health. Thus, it is very important for the fibrous filter medium to possess antimicrobial properties, especially when they are used as respiratory protection and for indoor air purification [5] . Titanium dioxide (TiO 2 ) is one of the most popular antibacterial materials, which has been widely used in many fields due to its strong photooxidation activity, longterm chemical and physical stability, and cost-effective preparation [27] [28] [29] . Previous studies show that the antibacterial activity of TiO 2 can be significantly enhanced when the TiO 2 particle is on the nanoscale because of its large specific surface area [27, 29] . Thus, considerable efforts have been devoted to the preparation of fiber loaded with TiO 2 nanoparticles to endow the resultant fibrous membrane with antibacterial activity [28, 30, 31] . However, the distribution of TiO 2 NPs on nanofibers dramatically affects the antibacterial performance of the relevant fibrous membrane [28] . It would be very interesting to fabricate a hierarchical nanofiber with TiO 2 nanoparticles uniformly distributed on its surface, which endows the relevant fibrous membrane with not only an excellent filtration performance but also a good antibacterial activity.
In this study, we report the development of a hybrid PLA/TiO 2 fibrous membrane with hierarchical structures, including nanopores, nanometer-scale protrusions, and high surface roughness, which can effectively remove particles and bacteria in one step. The surface microstructure and the distribution of TiO 2 nanoparticles on the fibers were controllable by regulating the concentration of TiO 2 in the PLA solutions, as well as the relative humidity. In addition, the combination of TiO 2 nanoparticles could greatly enhance surface roughness without sacrificing the nanopores on the fiber surface, which significantly improves particle capture efficiency and facilitates the penetration of airflow. More interestingly, the introduction of the TiO 2 nanoparticle and its uniform distribution on the surface of a fiber also endows the relevant fibrous membrane with a good antibacterial performance.
Materials and Methods

Materials.
Poly(lactic acid) (PLA = 1.0 × 10 5 ) was obtained from Zhejiang Hai Zheng Biological Materials Co., Ltd., Zhejiang, China. N,N-Dimethylacetamide (DMAC) was purchased from Sigma-Aldrich, Inc., New Jersey, USA. Dichloromethane (DCM) was purchased from the National Medicine Group Chemical Reagents Co., Ltd., China. TiO 2 NPs (with an average diameter of 21 nm) were supplied by Shanghai Aladdin Chemical Co., China. All of the chemicals were of analytical grade and were used without further purification.
Preparation of the Polymer Solutions.
PLA solutions at concentrations of 7 wt% were prepared by dissolving PLA polymer in a mixture of DCM/DMAC (10/1, w/w) with stirring for 24 h. Additionally, the TiO 2 NPs with an average diameter of 21 nm were added to the mixture of DCM/DMAC (10/1, w/w) with ultrasonic treatment for 90 min and then dissolved PLA polymer in the as-prepared mixture (DCM/DMAC/TiO 2 ) with stirring for 24 h. The 7 wt% of PLA solutions containing 0.5, 1, 1.5, 1.75, and 2 wt% of TiO 2 NPs was prepared. Furthermore, the PLA/TiO 2 solutions were exposed to ultrasonic treatment for 60 min before electrospinning.
Electrospinning.
The prepared PLA/TiO 2 solution was loaded into a glass syringe and ejected at a controllable feed rate (1 mL/h) through a metal needle with an inner diameter of 850 m operated by a syringe pump (KDS-100, KD Scientific Co., America). A high voltage (23 kV) was applied to the needle tip through a high-voltage supply (DW-P503-1ACDF, Tianjin Dongwen High Voltage Co., China). The hybrid PLA/TiO 2 fibers were deposited on a grounded metallic rotating roller at 5.5 m/min, which was positioned 12 cm from the tip of the needle.
Characterization.
The viscosity and conductivity of the PLA and PLA/TiO 2 solutions were measured with a viscometer (NDJ-5S, Shanghai Nirun Intelligent Technology Co., Ltd., China) and a conductivity meter (DDS-307A, Shanghai Precision Scientific Instrument Co., Ltd., China), respectively.
Fiber Morphology and Elemental Detection.
The morphologies of the electrospun fibers were examined using a field emission scanning electron microscope (FE-SEM) (S-4800, Hitachi Ltd., Japan) and a transmission electron microscope (TEM) (Tecnai G2 F20S-Twin, 120 kV, USA). Energy-dispersive X-ray (EDX) analysis combined with SEM was used to detect the element and the relative surface distribution of TiO 2 nanoparticles on the electrospun fibrous membranes and the randomly selected areas, revealing that the EDX spectra of all of the samples were the same. In addition, the chemical stability of the PLA/TiO 2 fibrous membranes was also investigated using EDX analysis.
Journal of Nanomaterials 3 2.4.2. Specific Surface Area and Pore Properties. The Brunauer-Emmett-Teller (BET) surface area, pore width, and pore width distribution of the fibrous membranes were measured at 77 K using a nitrogen adsorption-desorption Micromeritics ASAP-2020 analyzer (Micromeritics Co., USA).
2.4.3.
Through-Pore Properties. The through-pore size and through-pore size distribution of the fibrous material were measured using a manually operated through-pore size analyzer (Porometer 3G, Quantachrome Ltd., USA).
Testing of Air Filtration
Performance. The aerosol filtration efficiency and airflow resistance were measured with a TSI Corp. model 8130 automated filtration testing unit. NaCl aerosol particles with a 260 nm mass median diameter and a 75 nm count median diameter were prepared by an aerosol particle generator. The neutralized NaCl aerosol particles were fed into a filter holder and traveled down through the filter with an effective area of 100 cm 2 . Every NaCl aerosol test was conducted at room temperature with a continuous face velocity of 5.3 and 14.1 cm/s.
Photocatalytic Activity Test.
The photocatalytic activities of the PLA/TiO 2 fibrous membranes were evaluated by the degradation of methyl orange (MO). The light source was a 300 W self-rectified high pressure Hg lamp. The reaction was maintained at room temperature and the degradation of MO was conducted to guarantee the accuracy of the photocatalytic results. In a typical experiment, aqueous suspensions of MO (50 mL, 2.0 × 10 −5 mol/L) and 0.1 g of the as-prepared membranes were placed in the beaker, and the solution was slightly stirred in the dark for 60 min to ensure the establishment of an adsorption-desorption equilibrium. The solution was kept under constant air-equilibrated conditions. Then, at the intervals of given irradiation time, samples of the reaction solution were taken out and analyzed. The decrease in the concentrations of MO was determined by measuring the UV-vis absorbance of the reaction solution.
Antibacterial Efficiency Test.
The antibacterial activity of the hybrid PLA/TiO 2 fibrous membranes against Staphylococcus aureus was evaluated using the viable cell-counting method as described below according to GB/T 20944. 3-2008. Here, the S. aureus was first activated with fresh nutrient agar medium and then incubated overnight (18-24 h) at 37 ∘ C. Subsequently, the typical colonies were placed in 20 mL of nutrient broth and were incubated at 37 ∘ C with gentle shaking (130 rpm) for 18-20 h. The bacterial solution was then diluted to a concentration of approximately 4 × 10 5 CFU/mL. Typically, the sterilized PLA/TiO 2 fibrous membranes with a weight of 0.75 g were exposed to an S. aureus bacterial solution for 24 h at 24 ∘ C under visible light. Then, the bacterial solutions were inoculated onto Petri dishes with nutrient agar after tenfold dilutions at 37 ∘ C for 24 h. The average number of the surviving bacteria was determined by counting the colonies on the three incubated agar plates for each sample. The antibacterial activity was evaluated based on
where contral and sample are the quantities of the visual bacterial colonies of the standard cotton fabric and the tested PLA/TiO 2 composite fibrous membrane, respectively. Figure 1 shows the SEM images of pure PLA fibers and hybrid PLA/TiO 2 fibers obtained by varying the TiO 2 concentration while the other parameters were kept constant (with a feed rate of 1 mL/h and an applied high voltage of 23 kV at a relative humidity of 45%). It was clearly observed that all of the fibers showed densely packed nanopores on their surface, which was due to the phase separation and water droplets or "breath figures" induced by fast solvent evaporation and vapor penetration and condensation [32] [33] [34] . By increasing the TiO 2 contents, the surface structure of the hybrid PLA/TiO 2 fibers was remarkably changed by creating nanometer-scale rough structures with additional TiO 2 nanoparticles (TiO 2 NPs) attached onto the surface of fibers without sacrificing the nanopores and the fiber diameters of PLA/TiO 2 -0.5, PLA/TiO 2 -1, PLA/TiO 2 -1.5, PLA/TiO 2 -1.75, and PLA/TiO 2 -2 slightly increased from 1.29 m to 1.40 m with a gradually increasing diameter deviation, which could be ascribed to the weakened conductivity and enhanced viscosity of the composite solutions (Table 1) . Furthermore, the TEM images of the corresponding PLA/TiO 2 fibers are displayed in Figure 2 . It can be observed that when the TiO 2 concentration was no more than 1.75 wt%, the TiO 2 NPs were relatively evenly distributed on the surface of the fibers, while, as the TiO 2 concentration reached 2 wt%, micron-sized agglomerates formed on the fiber surface, which was related to the agglomeration of TiO 2 NPs (excess TiO 2 NPs in the PLA solution easily aggregated in masses due to their large specific surface area) and the interaction between TiO 2 NPs and the PLA fibers. SEM-EDX analysis was used to investigate the chemical composition and relative abundance of TiO 2 NPs on the surface of hybrid PLA/TiO 2 fibrous membranes. The elemental composition of the relevant membrane was determined by the EDX spectrum of the randomly selected area ( Figure 3 ). The table insets in the figures list the atomic ratio and weight ratio of the detected elements of the relevant fibrous membranes. The major elements observed were carbon (C), oxygen (O), and titanium (Ti). No Ti peak appeared in the spectrum of the pure PLA fibrous membrane ( 
Results and Discussion
Porous Structure and BET Surface Area of Hybrid PLA/TiO 2 Fibrous Membrane.
It is well known that the morphologies of the fibers significantly affected the specific surface area and the nanoporous structure of the resultant fibrous membrane [26, 35, 36] . In addition to the nanopore formed on the surface of the fibers, the protuberant structures induced by the introduction of TiO 2 NPs may also enhance the surface roughness and specific surface area, which may dramatically increase the friction coefficient and the effective contact area between target particles and fibers when the relevant fibrous membrane was used as an air filter medium. Thus, the nitrogen adsorption-desorption isotherms and pore size distribution curves of the PLA fibrous membrane loaded with various contents of TiO 2 NPs were obtained to investigate their specific surface area and nanopore structure, as shown in Figure 4 . All of the samples have isotherms of type II with a distinct hysteresis loop, according to the International Union and Applied Chemistry (IUPAC) classification, which indicated the presence of mesopores (2-50 nm pore width) and macropores (>50 nm pore width) within the samples [35, 37, 38] . The BET surface area and Barrett-Joyner-Halenda (BJH) adsorption cumulative nanopore volume of the as-prepared samples are shown in the table inset of Figure 4 (a). The BET surface area and BJH adsorption cumulative nanopore volume experienced a steady growth with increasing TiO 2 contents (the concentration of TiO 2 NPs was no more than 1.75 wt%), which indicated the key role of TiO 2 NPs in improving the specific surface area; this was consistent with the increased quantity of adsorbed N 2 . It is noteworthy that the BET surface area and BJH adsorption cumulative nanopore volume of the PLA/TiO 2 -2 fibrous membrane were slightly lower than those of the PLA/TiO 2 -1.75 fibrous membrane. This phenomenon could be attributed to the formation of large agglomerates on the surface of PLA/TiO 2 -2 fibers. The nanopore size distributions were also obtained by applying the BJH method to the nitrogen adsorption isotherms, as shown in Figure 4 (b). It was clearly seen that the pores were mainly distributed in the range of 10 to 120 nm. Thus, the pores formed in the samples were highly dependent on the nanopores and the protuberances on the surface of the fibers. The pore volumes of the pure PLA fibrous membrane in the mesopore range were larger than those in the macropore range, which may suggest that the pores in the sample were mainly caused by the nanopores on the fiber surface. The pore volumes of the hybrid PLA/TiO 2 fibrous membranes in the mesopore range were lower than those in the macropore range. Furthermore, the pore volumes in the macropore range increased with the increase of TiO 2 contents attached onto the PLA fibers when the concentration of TiO 2 NPs was less than 2 wt%, which may be ascribed to the enhanced Journal of Nanomaterials roughness, the gradually increased protuberances, and the larger nanopores on the surface of the fibers induced by the incorporation of TiO 2 NPs. The micron-sized agglomerates formed on the surface of PLA/TiO 2 -2 fibers may lead to the fact that the pore volumes of the relevant fibrous membrane in the mesopore and macropore range were lower than those of the PLA/TiO 2 -1.75 fibrous membrane. Figure 5 displays the SEM images of hybrid PLA/TiO 2 fibers loaded with 1.75 wt% TiO 2 NPs prepared by varying the relative humidity (RH), 15%, 30%, 45%, and 60%, with the other parameters maintained constant (Table 2 ). It could be found that the morphologies of the fibers were significantly changed with the variation of the RH. As shown in Figure 5 (a), the fibers formed under a RH of 15% possessed few shallow nanopores and more protuberances on its surface with a large diameter deviation ( Table 2 ). The nanopores distributed on the surface of the fibers increased with the increase of the RH ( Figures  5(b) and 5(c)), which could be because a high RH allows much more vapor in the air to form more water droplets on the surface of the jet and is conducive to the penetration of much more vapor into the fluid jet [34, 39] . The average fiber diameters sharply increased from 0.76 m to 1.36 m with the fiber becoming more uniform as the RH gradually reached 45%. This phenomenon may be because under a too low RH condition, the electrostatic repulsion applied to the fluid jet was relatively high because the applied high voltage was the same, and the Taylor cone and capillary were unstable, which led to the formation of thinner fibers with a large diameter deviation. When the RH reached 60%, an excessively high RH may weaken the electrostatic repulsion and oppose the balance between the viscoelastic force, surface tension, and electrostatic repulsion, resulting in thicker fibers with a relative large diameter deviation. To further study the effect of RH on the distribution of TiO 2 NPs on the surface of the PLA fiber, TEM analyses were performed on the hybrid PLA/TiO 2 fibers loaded with 1.75 wt% TiO 2 NPs formed under different RHs, as shown in Figure 6 . This figure clearly shows that more protrusions formed on the surface of the fibers under the RH of 15% and 30%, and the protrusions attached onto the surface of the fibers decreased as the RH gradually increased to 60%, which may be because the increase in the fiber diameter (Table 2 ) provided more opportunity for the TiO 2 NPs to distribute inside of the fibers. However, TiO 2 NPs were more uniformly distributed on the surface of the fibers prepared at the relative humidity of 45% and 60%. To further investigate the relative abundance of TiO 2 NPs on the surface of hybrid PLA/TiO 2 fibrous membranes, SEM-EDX analyses were performed, and the EDX testing data are shown in Figure 7 . It can be observed that the content of Ti in the spectrum of the hybrid PLA/TiO 2 fibers was weakened, and the atomic ratio and weight ratio of Ti gradually decreased with the increase of RH, which suggests that the TiO 2 NPs that were distributed on the surface of the hybrid PLA/TiO 2 fibrous membrane decreased. This phenomenon agreed with the results shown in Figures 5 and 6 in which fewer TiO 2 NPs were distributed on the surface of the PLA fibers due to the increase of the fiber diameter by increasing the RH. Thus, it can be concluded that the TiO 2 NPs prefer to distribute on the surface of the PLA/TiO 2 fibrous membrane when the precursor PLA/TiO 2 solution was electrospun under a low RH.
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RHs. The RH has a dramatic effect on the morphology of hybrid PLA/TiO 2 fibers, as shown in Figure 5 , which may result in very different nanoporous structures and BET surface areas of the corresponding fibrous materials. To characterize the pore structure and specific surface area of the hybrid PLA/TiO 2 fibrous membranes, the nitrogen physisorption method was used, and the testing results are shown in Figure 8 . As seen, the nitrogen physisorption isotherms of all of the samples show a type II isotherm with a hysteresis loop, indicating the existence of mesopores and macropores within the fibrous membranes. The table inset in Figure 8 (a) presents the BET surface area and cumulative nanopore volume calculated by the BJH method, which shows that the specific surface area of the PLA/TiO 2 fibrous membrane formed under a RH of 45% (PLA/TiO 2 -45%) is approximately 1.58 times and 1.2 times that of the fibrous membranes prepared under a RH of 15% and 30%, respectively. This phenomenon can be ascribed to the significant increase of nanopores on the surface of the fibers, although the fiber diameter has increased. Furthermore, the cumulative nanopore volume of the hybrid PLA/TiO 2 fibrous membranes increased from 0.078 to 0.139 m 3 /g when the relative humidity varied from 15% to 45%. It is worth noting that the specific surface area and cumulative nanopore volume of the hybrid PLA/TiO 2 fibrous membrane formed under a RH of 60% (PLA/TiO 2 -60%) were slightly lower than those of PLA/TiO 2 -45%, which can be attributed to the decrease of protuberances induced by the TiO 2 NPs on the surface of the fibers and the slight increase in the fiber diameter. Figure 8(b) shows the differential pore volume versus the pore width of the relevant hybrid PLA/TiO 2 fibrous membranes. It can be found that the pores existing within the membranes mainly range from 10 nm to 120 nm. The pore volume of the pore width larger than 10 nm tended to increase rapidly as the RH increased from 15% to 45%, and the pore volume of the pore width in macropore range decreased when the RH increased from 45% to 60%. This phenomenon is in good agreement with the variation trend of the cumulative nanopore volume of the relevant PLA/TiO 2 fibrous membrane. especially in air filtration. The hybrid PLA/TiO 2 fibers possess high surface roughness (many nanopores and nanometerscale protrusions distributed on the surface of the fibers), significantly large specific surface area, and small fiber diameter, which would provide the relevant fibrous membrane with a higher probability of capturing the target particles, finally enhancing the filtration performance. Thus, the hybrid PLA/TiO 2 fibrous membranes, FM1 (containing 0 wt% TiO 2 prepared at the relative humidity of 45%), FM2 (containing 1 wt% TiO 2 prepared at the relative humidity of 45%), FM3 (containing 1.75 wt% TiO 2 prepared at the relative humidity of 45%), FM4 (containing 1.75 wt% TiO 2 prepared at the relative humidity of 15%), and FM5 (containing 1.75 wt% TiO 2 prepared at the relative humidity of 60%), with different morphologies and possessing similar basis weights (Table 3) were selected to study their air filtration performance.
Air Filtration Performances of
Through-Pore Characteristics.
The thorough-pore size and through-pore size distribution are very important parameters to determine the air filtration performance of the fibrous filter. Thus, these parameters of the hybrid PLA/TiO 2 fibrous membranes were measured using a manually operated through-pore size analyzer, as shown in Figure 9 . The mean flow through-pore sizes of these samples were 5.14, 5.31, 5.46, 4.85, and 5.70 m, respectively ( Table 3) . The results clearly demonstrated that the pore sizes decreased as the TiO 2 contents increased, which could be due to the increase in the fiber diameter and the increased protrusions attached on the fiber surface, resulting in relatively large voids between fibers. Furthermore, the pore size distribution of the relevant membranes became gradually broader. In addition, the pore size experienced a significant increase and showed a broad pore size distribution with the increase of RH when FM3 was compared with FM4 and FM5. This phenomenon could be ascribed to the increase in the fiber diameter.
Air Filtration Performances.
To thoroughly comprehend the inherent correlation between the filtration performance and morphology, including the nanopores and protrusions on the fiber surface and the fiber diameter, of the hybrid PLA/TiO 2 fibrous membranes, the filtration efficiency and pressure drop of the selected fibrous membranes (FM1, Journal of Nanomaterials FM2, FM3, FM4, and FM5) were evaluated by filtering NaCl aerosol particles of 260 nm in mass median diameter. The pressure drop and filtration efficiency of the hybrid PLA/TiO 2 fibrous membranes loaded with various contents of TiO 2 NPs (FM1, FM2, and FM3) as a function of a face velocity of 14.1 cm/s and 5.3 cm/s are shown in Figure 10 (a).
It can be observed that the resultant hybrid PLA/TiO 2 fibrous membranes exhibited increased filtration efficiency and, more significantly, a decreased pressure drop with the increase of the concentration of TiO 2 NPs. These results were due to the increase of the nanometer-scale protrusions and the roughness of the fiber surface, resulting in a high specific surface area and large friction coefficient, which enhanced the trapping capacity of the fibers on the particles. Furthermore, the relatively large through-pore size induced by the thicker fiber and high cumulative nanopore volume may be conducive to the penetration of airflow through the membranes [7, 25] . This phenomenon contradicts the traditional theory about the trade-off between filtration efficiency and pressure drop in which a high filtration efficiency typically results in a high pressure drop, further indicating the key role of nanopores and protrusions on the fiber surface in improving the filtration performance of the relevant fibrous membrane. According to the previous studies, the quality factor (QF) was typically used as a comprehensive parameter to judge the filtration performance of a filter. QF is defined as QF = −ln(1 − )/Δ , where and Δ are the filtration efficiency and pressure drop across the filter, respectively. Due to the improvement in the filtration efficiency and the decreased pressure drop, the QF of hybrid PLA/TiO 2 fibrous membranes displayed in Figure 10 (a) experienced a steady increase with the increase of TiO 2 contents at a face velocity of 14.1 cm/s (from 0.023 to 0.028) and 5.3 cm/s (from 0.066 to 0.078). Figure 10 (b) presents the filtration performance of hybrid PLA/TiO 2 fibrous membranes containing 1.75 wt% TiO 2 formed at various relative humidities (15%, 45%, and 60%). It is shown that the fibrous filter FM4 exhibited the lowest filtration efficiency (99.965%) and the highest pressure drop (375.5 Pa), reasonably resulting in the lowest QF (0.021) of the three membranes at the face velocity of 14.1 cm/s. This result could be because the relatively low specific surface area and the few nanopores on the fiber surface induced by a low RH weakened the fiber's capture efficiency of fine particles, and the small and narrowly distributed through-pore size due to the small fiber diameter may go against the air penetration. This is also the reason that FM4 showed the worst filtration performance at a face velocity of 5.3 cm/s. It is worth noting that the filtration efficiency of FM5 was 99.972% at a face velocity of 14.1 cm/s and 99.994% at a face velocity of 5.3 cm/s. These values were slightly lower than those of FM3 (99.990% and 99.996% at a face velocity of 14.1 and 5.3 cm/s, resp.) at the corresponding face velocity due to a relatively small specific surface area, few protrusions, and large fiber diameter. Furthermore, the pressure drop of FM5 was 313.8 Pa and 119.7 Pa at a face velocity of 14.1 cm/s and 5.3 cm/s, respectively, which were also lower than those of FM3 (326.9 Pa and 128.7 Pa at a face velocity of 14.1 and 5.3 cm/s, resp.) at the corresponding face velocity due to a larger and broadly distributed throughpore size. Interestingly, the QF of FM5 was lower than that of FM3 at a face velocity of 14.1 cm/s, while it was slightly higher than that of FM3 at a face velocity of 5.3 cm/s. This phenomenon indicates that FM5 exhibited a better filtration performance at a low face velocity.
These observations led us to conclude that the nanopores and nanometer-scale protrusions resulting in high structure roughness, large specific surface area, and cumulative nanopore volume of the relevant fibrous membrane on the surface of the fibers enhanced the particle capture efficiency and contributed to the decrease of the pressure drop, which significantly improved the filtration performance. This also provided a new approach to develop and design a fibrous filter possessing a high filtration efficiency and energy-saving ability by controlling the surface structure and fiber diameter of the relevant fibers.
Photocatalytic Activity.
The photocatalytic activities of the as-prepared PLA/TiO 2 fibrous membranes (FM1, FM2, FM3, FM4, and FM5) were investigated by evaluating their photodegradation performance towards methyl orange (MO) at room temperature. Figure 11 shows the time course of the decrease in the concentration of MO under the UV irradiation of 300 W high pressure Hg lamp. It can be seen that the MO solution was stable with negligible degradation (<3%) under the pristine PLA fibrous membrane (FM1) condition. The photocatalytic activity of the hybrid PLA/TiO 2 fibrous membranes (FM2 and FM3) improved significantly with the increase of the TiO 2 NPs content, and the FM3 could degrade the MO up to 97% within 150 min. This phenomenon could be contributed to the increase of anatase TiO 2 NPs on the surface of PLA/TiO 2 fibrous membranes, which could simultaneously degrade MO. In addition, the photocatalytic activities of the PLA/TiO 2 fibrous membranes (FM4, FM3, and FM5) loaded with 1.75 wt% TiO 2 NPs gradually weaken with increasing the relative humidity, and FM4 could degrade the MO completely within 150 min. This phenomenon is in agreement with the previous results in which more TiO 2 NPs were distributed on the surface of PLA/TiO 2 fibrous membrane with an increase of the relative humidity. fibrous membranes with different morphologies against S. aureus is illustrated in Figure 12 . It was observed that the antibacterial activity of PLA fibrous membranes significantly increased by increasing the TiO 2 NPs content. The pure PLA fibrous membrane (FM1) with no TiO 2 NPs showed an antibacterial activity of only 10.1%. The hybrid PLA/TiO 2 fibrous membrane decorated with 1 wt% TiO 2 NPs (FM2) showed approximately 74.8% antibacterial activity. A reduction by approximately 99.5% was observed in bacterial growth for the hybrid PLA/TiO 2 fibrous membrane loaded with 1.75 wt% TiO 2 NPs (FM3). These results may be because more TiO 2 NPs were distributed on the surface of PLA fibers with the increase of TiO 2 NPs content and because the reactive hydroxyl radicals generated by the photocatalysis of TiO 2 NPs under light irradiation cause the peroxidation of the polyunsaturated phospholipid of the bacteria cell membrane, leading to a loss of respiratory activity, which kills the bacteria [27, 29] . It is worth noting that the hybrid PLA/TiO 2 fibrous membrane decorated with 1.75 wt% TiO 2 NPs formed at a relative humidity of 15% (FM4) possesses 99.8% antibacterial activity, which was slightly higher than that of FM3. In addition, the antibacterial activity of FM5 formed at the relative humidity of 60% is 97.4%, which is slightly lower than that of FM3. This phenomenon agrees well with the photocatalytic activity testing results. be observed that the contents of C and O in the spectrum of the PLA fibrous membrane were almost the same as those of the previously prepared PLA fibrous membrane shown in Figure 3(a) . In addition, the contents of C, O, and Ti of the hybrid PLA/TiO 2 fibrous membranes were very similar to those of the corresponding hybrid PLA/TiO 2 fibrous membranes prepared 30 days before, which suggests that the hybrid PLA/TiO 2 fibrous membranes possess good chemical stability.
Antibacterial Activity of
Conclusions
In summary, a hierarchical structure of PLA/TiO 2 fibers for enhanced air filtration performance with good antibacterial activity was prepared via a one-step electrospinning technique. The microstructure, including the nanopores and nanometer-scale protrusions on the fiber surface, and the distribution of TiO 2 in hybrid PLA/TiO 2 can be regulated by tuning the concentration of TiO 2 NPs in the PLA solution and the relative humidity. Furthermore, the nanopores and nanometer-scale protrusions on the PLA fiber significantly enhanced the surface roughness, the specific surface area, and the cumulative nanopore volume of the relevant fibrous membrane, which greatly improved the particle capture efficiency and facilitated the penetration of airflow. In addition, the introduction of TiO 2 NPs endows the relevant fibrous membrane with antibacterial properties induced by photocatalysis, and additional TiO 2 NPs distributed on the surface of the fibrous membrane indicated a higher photocatalytic activity and antibacterial activity. Furthermore, the PLA/TiO 2 also possessed good chemical stability. The asprepared PLA/TiO 2 fibrous membrane loaded with 1.75% TiO 2 NPs formed at a relative humidity of 45% exhibited excellent filtration performances with a high filtration efficiency (99.996%) and a relatively low pressure drop (128.7 Pa) at a face velocity of 5.3 cm/s and a high antibacterial activity of 99.5%. This study provided a versatile approach to further design and develop multifunctional filters for respiratory protection, indoor air purification, and other filtration applications.
